SUMMARY Ischaemic lesions along cerebral arterial boundary zones were present in nine patients dying after cardiopulmonary by-pass. Their intra-operative cerebral function monitor recordings had shown at least 7 min major depression, its severity correlating with degrees of neurological deficit after operation and EEG abnormality and extent of infarction. In contrast eleven patients with normal or minimally abnormal cerebral function monitor recordings had macroscopically normal brains. 
Ischaemic brain damage may complicate surgery with cardiopulmonary by-pass if, for any reason, cerebral perfusion becomes inadequate for the individual patient. Various forms of electroencephalographic (EEG) monitoring have been used for many years to give warning of impaired cerebral function during surgery. More recently an EEG monitoring device, the cerebral function monitor (CFMt)l2 has been used to simplify the task. The neurophysiological findings have been correlated with various operative factors such as blood flow during by-pass, oxygenation and temperature.3-9 A positive relationship has been demonstrated between periods of impairment of cerebral electrical activity and post-operative neurological state.10 11 Schwartz et al'2 have demonstrated the prognostic value of monitoring in 100 patients operated on at the London Hospital. They correlated the duration of episodes of depression of cerebral electrical activity, and the speed and adequacy of its recovery with the severity of post-operative neurological deficit. This was accurately predicted in 83 % of patients on the basis of the intra-operative CFM recordings.
The present investigation was undertaken to determine the relationship between operative CFM findings, subsequent neurological and EEG state and ultimate neuropathology in 20 patients dying with or without brain damage at some stage after cardiac surgery (and includes five patients previously reported by Schwartz et al12).
Materials and methods

PATIENTS
The study included all patients in The London Hospital necropsy records for the 8 years 1970-1977 in whom (1) death had occurred at any stage following cardiac surgery with cardiopulmonary by-pass, (2) adequate CFM recordings during operation were available, and (3) the brains had been subjected to neuropathological examination. Twenty patients fulfilled these criteria, nine having died with and 11 without clinical evidence of brain damage. The majority of these patients died in the first five years of this period. In Periods of major depression of the CFM trace (lower margin 21 microvolts or less) lasting at least 7 min (figs 2 and 3) occurred in all the nine patients with clinical evidence of brain damage. These alterations were of rapid onset taking less than 2 min to reach the minimum level at or near to the zero microvolt baseline. The duration of the depression and the time taken for the trace to recover to its previous level are given in rise. There was no neurological deficit post-operatively and the brain was subsequently found to be normal. 7) . group.bmj.com on October 21, 2017 -Published by http://jnnp.bmj.com/ Downloaded from gliomesodermal reaction composed of small blood vessels and proliferating astrocytes in a meshwork of collagen and reticulin fibres. The degenerate neurones were surrounded by lipid-filled macrophages. This reaction primarily involved layers 3 and 5 with some extension into the superficial white matter. In the five patients dying between one week and 71-weeks the gliomesodermal reaction was more pronounced (fig 5) . The blood vessels were more prominent and tortuous with proliferation of the endothelial cells. Where survival was in excess of one year (two patients,Nos 9 and 13) the cortex at the site of the boundary zone lesions was replaced by a narrow band of small vessels and glia with marked cortical atrophy (fig 6) . In some of these patients (No 13) with two operations histological features could be related to both of these (14 months and 3 days).
In patient No 11 ischaemic damage similar to that 
Discussion
This retrospective study has demonstrated correlations between neurophysiological, clinical and neuropathological aspects of ischaemic brain damage complicating cardiopulmonary by-pass. It has indicated that neuronal damage was always preceded by at least 7 min of near or complete electrical silence during the period of presumed cerebral hypoperfusion. Lesser periods of depression of electrical activity were associated with full clinical recovery and a macroscopically normal brain, both externally and on section. We are aware that unavailability of blocks for microscopy in these 11 patients restricts the value of these observations. All nine patients with clinical evidence of brain damage exhibited macro-and microscopic evidence of infarcts concentrated along the arterial boundary zones. The extent of the brain lesions was related to the duration and severity of impairment of the operative CFM trace and its subsequent rate and degree of recovery. The EEGs after operation, with their characteristic features, gave confirmation of the likely severity and also indicated the distribution of brain damage with its typical posterior and parasagittal emphasis. The duration of by-pass was significantly related to occurrence of brain damage being most prolonged in the patients with severe lesions. Sotaniemi13 in a study of 100 patients has shown that the incidence of brain damage rises from 19.6% to 51-9% (independent of age of patients) when by-pass times of less and more than 2 hours are compared. This may merely reflect surgical complexity rather than any direct effect of prolonged by-pass per se.
The neuropathological examination has shown arterial boundary zone ischaemic lesions similar in site to those produced experimentally in the Rhesus monkey by profound hypotension.14 These are also encountered in a wide range of clinical settings. 15 Boundary zone infarcts occur at the junction of the territories of anterior, middle and posterior cerebral arteries when there is oligaemic hypoxia due to reduced perfusion. These boundary zones are at the points most distal to the origin of each major cerebral artery. As systemic blood pressure falls they will be the first regions in which flow is reduced to a critical level. 16 It was observed in the present study that the minimal lesions were confined to the parietooccipital regions and more extensive lesions always extended anteriorly into the temporal and frontal lobes.
The distribution of ischaemic lesions in the arterial boundary zones following episodes of reduced cerebral perfusion represents a pathological picture distinct from that following total circulatory arrest. In the latter selective neuronal necrosis generally affects the cortex more diffusely and also involves the hippocampus, thalamus, basal ganglia and cerebellum. The histological features of ischaemic damage in both processes are similar and consist of ischaemic cell change and the corresponding gliomesodermal reaction.'7 There was no evidence of diffuse neuronal loss in the brains of the nine patients examined microscopically. The limitation of examination of small rather than large blocks makes it impossible to exclude any diffuse change completely. However all cortical areas not involved in the boundary zone lesions were normal, as were the hippocampal and basal ganglia blocks.
There is of course no information on this point in the 11 patients whose brains were normal macroscopically but not examined microscopically. Asymmetries of minor degree were present in all the boundary zone lesions but only marked in the one patient with hemiparesis (case 11). The usual cause of such asymmetry is lateralised vascular occlusionl8 or a congenital vascular anomaly. However we could not implicate these causes, indeed focal occlusive vascular disease was not present in any of our patients, nor was there any correlation between age of the patient and the severity of lesions. A right hemisphere preponderance of clinically assessed damage has been reported'3 but was not evident in the present series. In our patients the bilateral nature of lesions in all the damaged patients was notable and although asymmetries were present they were minor and not constantly lateralised. In only the one patient with a hemiparesis was there a marked (and appropriate) asymmetry but even so the boundary zone lesions were clearly bilateral.
When cardiac surgery involves by-pass air embolism may occur and produce ischaemic damage also along the boundary zones but often characterised by a well-marked geographical outline.19 20 In the present series clearly defined geographical damage was seen histologically in some of the lesions in three patients but there was no neurophysiological evidence of cerebral disturbance at the times most likely for the occurrence of air emboli, that is at the onset and termination of by-pass. In one (case 5 
